Using diffusing-wave spectroscopy, we followed the aggregation and gelation of concentrated (30 vol%) alumina suspensions. The suspensions were destabilized by either shifting the pH to the isoelectric point or by increasing the ionic strength. Both effects can be achieved continuously and homogeneously by using an enzymecatalyzed internal chemical reaction. Based on the light-scattering data, we could derive quantitative information about the sol-gel transition and the viscoelastic properties of the gels, as well as a characterization of changes in the microstructure. The elastic moduli determined from light scattering are found to be in good agreement with rheological measurements. C 2001 Academic Press
I. INTRODUCTION
Controlled destabilization of highly concentrated suspensions is a successful method in ceramic processing. Ceramic green bodies can be formed by casting suspensions of high solids loadings and then coagulating them in situ with an enzyme-catalyzed hydrolysis reaction. This forming process was recently introduced as direct coagulation casting (DCC) (1, 2) . It is a near net shape forming method that is suitable for complex-shaped parts. Aqueous electrostatically stabilized suspensions are coagulated in situ by shifting the pH to the isoelectric point (hereafter referred to as pH destabilization) or by increasing the ionic strength at the buffer pH of the internal time-delayed reaction (referred to as I destabilization). In this work, for destabilization we use the urease-catalyzed decomposition of urea with a buffer pH of 9 according to CO(NH 2 ) 2 + 2H 2 O → NH (pH → 9). [1] In the pH method the suspension is first acid stabilized at pH 4 and then destabilized after casting by continuously changing 1 To whom correspondence should be addressed. the pH to the buffer pH of the reactants (pH 9). This pH shift neutralizes the surface charge of the alumina particles (3) . In the I method the particle system is first stabilized at pH 9 with specifically adsorbed diammoniumcitrate (DAC) on the alumina surface which acts as a surfactant and shifts the isoelectric point of the alumina suspension to 3.5. The suspension is then destabilized by the hydrolysis products ammonium and hydrogen carbonate (Eq. [1] ), which increase the ionic strength and thereby compress the electrical double layer. The dynamics of the destabilization process is in both cases determined by the rate of the chemical reaction of Eq. [1] and is set to about 30 min in our experiments (from the onset of destabilization in the suspension to the point where a gel is formed). In general, the time evolution of the process can be tuned with the enzyme concentration and the temperature (2) . The DCC technique allows for in situ destabilization of the suspensions, without disturbing the gel formation.
A better understanding of the sol-gel transition and its link to both the mechanical properties and the structure of the resulting gel networks is important for the application of DCC in ceramic processing and is also interesting from a scientific point of view. Of particular interest is the comparison of differences in the developing microstructure and the resulting mechanical properties between suspensions destabilized by increasing the ionic strength ( I ) and those destabilized by shifting the pH to the isoelectric point ( pH). The mechanical properties of wet green bodies produced from these two systems appear to be completely different. It has been shown (4) that the yield stress and the viscoelastic moduli for I -destabilized systems are an order of magnitude higher than those of pH systems at the same solids loading. A possible explanation for this significant difference might be caused by differences in the resulting microstructures of the two systems. However, the exact physical origin remains unclear, as microstructural differences in submicron granular systems are difficult to characterize by direct methods such as microscopy.
We therefore addressed some of these questions concerning microstructural developments using diffusing-wave spectroscopy (DWS) (5, 6) . Laser light scattering techniques are ideal tools for the characterization of particle dispersions with typical length scales from nanometers to several micrometers. Dynamic light scattering (DLS) techniques analyze the fluctuations of the scattered laser light intensity I due to the particle motion. While in conventional light scattering experiments the samples have to be highly diluted, DWS extends traditional DLS to media with strong multiple scattering by treating the transport of light as a diffusion process (Fig. 1a) . One can then calculate the time-averaged autocorrelation function of the intensity fluctuations g 2 (τ ) − 1 = I (t)I (t + τ) / |I (t)| 2 over a broad range of correlation times τ . For a DWS experiment the intensity autocorrelation function is given by
with k the wave vector of the light in the medium. 2 P(s) is the distribution of the path lengths of the photons in the sample and it can be calculated within the diffusion model taking into account the experiment geometry which determines the boundary condition for the photon diffusion process. l * is the so-called transport mean free path. In DWS the photons are treated as ran- 2 We note that in the case of relatively small particles (k 0 · d ≈ 1) structural correlations S(q) and hydrodynamic interactions h(q) have to be taken into account if present. This complicates a quantitative determination of the particle mean square displacement significantly. For details see (6) . dom walkers and in this approximation the microscopic parameter l * is the distance that the photons must travel to randomize their direction. From Eq. [2] it is then possible to numerically calculate the particle mean square displacement r 2 (τ ) from the measured autocorrelation function g 2 (τ ) and therefore obtain valuable information about the particle motion on length scales much smaller than the particle diameter.
However, when light scattering techniques are used to characterize solid-like samples, such as gels, the nonergodicity of the samples complicates the interpretation of the experimental data. Due to the spatially limited motion of the particles in the gel network, the measured time-averaged intensity correlation function is usually different from the theoretical ensemble-averaged correlation function (7, 8) . Recently, a new DWS technique based on a sandwich of two scattering cells has been developed, which allows the problem of nonergodicity in turbid, solid-like systems to be overcome (9) . 3 Using this two-cell technique, we were able to cover the whole sol-gel transition in alumina suspensions in a single experiment and to obtain quantitative information about their microscopic dynamics.
II. EXPERIMENTAL: MATERIALS AND METHODS

(1) Preparation of the Suspensions for pH and I Destabilization
We used α-alumina powder (Ceralox HPA-0.5 w/MgO, Condea Vista Co., Ceralox Division, Tucson, AZ). The average particle diameter (volume averaged) was 364 nm (with a standard deviation of 100%) as measured with a disc centrifuge (BI-XDCW, Brookhaven Instruments, Holtsville, NY). This value is in good agreement with DWS backscattering experiments of a moderately concentrated sample (2 vol%), where we found a mean diameter of 315 nm (6) . In the first step, a mother slurry containing 40 vol% of α-alumina in pure water (resistivity > 18 M -cm) and urea was prepared. Deagglomeration was performed by an ultrasonic treatment lasting 10 min (Ultrasonicator UPS 200s, Dr. Hielscher GmbH, Stuttgart, Germany; 2-cm horn, cycle 0.5, amplitude 100%). The destabilization process was started just before the measurement by adding the enzyme urease in water to the mother slurry, resulting in a final solids content of 30 vol%. Enzyme and urea concentrations for the two systems ( I and pH) were chosen such that the sol-gel transition occurred approximately 30 min after starting the destabilization process.
(2) Suspensions for pH Destabilization
The suspensions destabilized by a pH shift contained 0.091 mol/L of urea (urea SigmaUltra, Sigma Aldrich Chemie GmbH, Steinheim, Germany) in the liquid phase. The urease content (69, 200 units/g, Urease S, Lyo. SQ, Roche Diagnostics GmbH, Mannheim, Germany) was 0.5 units per gram of alumina. Hydrochloric acid was used to adjust the pH of the suspensions to between pH 4 and pH 4.5 at the beginning of the destabilization process.
(3) Suspensions for I Destabilization
Suspensions destabilized by increasing the ionic strength contained significantly higher amounts of urea (2.1 mol/L in the liquid phase). This gives an ionic strength of around 1 mol/L when hydrolyzed at room temperature by the enzyme urease. Citric acid (di-ammonium hydrogen citrate, purum p.a., Sigma Aldrich Chemie GmbH, Steinheim, Germany) was used as a surfactant (11) , shifting the isoelectric point (IEP) of the system from pH 9 to pH 3.5. The alumina particles in the resulting suspension are then negatively charged and the system is electrostatically stabilized at a pH of around 9, which is the buffer pH of a hydrolyzed urea solution. Consequently, the system can be destabilized by the reaction of Eq. [1] . This increases the ionic strength without changing the pH of the suspension. The suspensions contained 4.67 × 10 −4 mol/L of citric acid in the liquid phase. The urease content was 75 units per gram of alumina.
(4) Diffusing-Wave Spectroscopy (DWS) Setup
Our DWS experiments have been carried out in a transmission geometry with a solid state laser (diode pumped Nd:YV04 solid state laser, 2 W at λ = 532 nm, "Verdi" from Coherent). The multiply scattered light from the sample is collected in transmission with a single mode fiber after a polarizer, which is perpendicular to the incident beam polarization. This ensures that only multiply scattered light will be detected. Because of possible after-pulsing effects of the detector, the signal is split and fed into two photomultipliers (Hamamatsu). A digital correlator (ALV-5000E, ALV) finally performs a pseudo-cross-correlation measurement. The measurements are performed time dependent and start from the liquid suspension up to the solid gel. The urease was added at temperature T = 3-5
• C where its activity is sufficiently reduced. After the temperature was increased to 25
• C, the data were collected in multiple runs (each run with a duration of 30 s). The samples are placed in a double cell to overcome the problem of nonergodicity. On its way from the laser to the detector, the light passes through two sample cells (see Fig. 1 b) . The first cell (path length L = 1.16 mm) is filled with the destabilizing alumina suspension. The second cell (path length L = 1 mm) is used only to properly average the signal from the gel. It is filled with an ergodic system showing slow internal dynamics and moderate turbidity. In our case this was a 1.5 vol% suspension of polystyrene spheres (diameter 850 nm) in a mixture (40 : 60) of water and glycerol (l * ≈ 470 µm from Mie theory). In this setup we isolate the signal of the gelling system by calculating the ratio between the total measured correlation function and the function corresponding to the isolated second layer. Indeed, it can be shown that if the optical density of the second layer is low, the intensity autocorrelation function of the light scattered through the double-cell setup can be related to the autocorrelation functions of the individual cells by simple multiplication (8, 9) :
[3]
In addition, during aggregation and gelation we also monitored the static transmission T of the light through the samples and compared it to a reference sample of known l * ref . This allowed us to determine changes of the transport mean free path l * for the gelling samples from
with L being the cell thickness. For our experiments we used as the reference sample an aqueous 8 vol% polystyrene suspension
(5) Rheological Measurements
To compare the microscopic dynamics of the gels to their macroscopic viscoelastic properties, we performed rheological measurements. A stress-controlled rheometer equipped with a vane tool (CS-50, Bohlin Instruments, Gloucestershire, England) was used. Measurements were conducted in oscillation mode at a frequency of 1 Hz and a target strain of 0.001.
III. RESULTS AND DISCUSSION
(1) Autocorrelation Functions pH systems. Figure 2a shows the time evolution of the DWS autocorrelation functions [g 2 (τ ) − 1] cell1 for the pH system. As long as the pH is low, the suspension is stable and the DWS signal is constant. It shows a nearly exponential decay, typical for a system that undergoes diffusion due to Brownian motion. The change in pH from 4 toward 9 reduces the repulsive forces between the particles and the suspension begins to coagulate. At this stage, the decay of the correlation function shifts to longer correlation times due to the slower motion of the clusters formed during aggregation. The sol-gel transition occurs when a volume-filling particle network is formed. After the gel point the correlation functions no longer decay to zero but remain finite, showing a plateau over several time decades. In fact, in solid-like media such as gels, the scatterers are only able to make limited Brownian excursions around their average position. This leads to the persistence of some correlations for infinite time, far out of the time window covered by our experiments. As will be shown later, for the pH sample the appearance of a plateau is directly related to the gel point.
I systems. The time behavior for the ionic strength destabilized system is shown in Fig. 2b for the first 26 min. The results obtained are completely different from those of the pH systems. Aggregation starts immediately, and already long before the gel point the particle dynamics becomes very slow, leading to a nonexponential decay of the DWS signal. Finally, after around 30 min we could no longer detect the signal from our sample in the first cell due to the forced decay arising from the second cell. To study slow motions at long correlation times, one would have to use a different approach such as multispeckle correlation analysis with a CCD camera (10).
(2) Static Transmission during Aggregation and Gelation
During the destabilization process the static transmission properties and therefore l * change. The transport mean free path l * is a measure for the sample microstructure since it depends on the individual particle properties (size, shape, refractive index) but also on interparticle correlations and local density (6) .
For the two destabilization methods a different time evolution and increase of l * was observed during aggregation (see Fig. 3 ). In a first step we characterized the stable suspensions. We found l * 0 = 4.32 µm for the pH system and l * 0 = 5.13 µm for the I system. This difference is only due to a contrast difference, which is due to a difference in the index of refraction n liq of the solvents, which according to the sample preparations contain different amounts of urea. It is important to note in this context that the scattering contrast will in fact change during the solgel transition due to the internal chemical reaction used to shift either the pH or the ionic strength. The change of the solvent's index of refraction during the urea decomposition is shown in Fig. 4 . We have taken this effect into account in our discussion by using a corrected value l * corr , 4 which then reflects the change in l * due to structural changes only. We obtained an increase in l * corr of about 5% for the pH destabilization and of approximately 26% for the I destabilization. This indicates that for the I sample there is a significant difference in structure and homogeneity between the stable and the coagulated sample. In contrast, the overall structure of the destabilized pH sample still resembles the structure of the stable suspension.
However, in both cases l * corr already attains its end value after a short time. This suggests that the local microstructure becomes arrested during the early stages of the aggregation process. Recent small-angle neutron scattering experiments on model systems of gelling polystyrene samples support this finding (13) .
For a more quantitative analysis of the gel microstructure we consider the following simplified picture of a strongly heterogeneous gel: In such a gel a certain part of the volume (1 − x) consists of voids (filled with water) much larger than the typical 4 We corrected for the independently determined index of refraction of the liquid n liq and the corresponding variation of the scattering cross section σ s using the following expression derived from Rayleigh scattering theory (see (12) ) where m = n particle /n liq denotes the ratio of refractive index of the particle and the liquid phase before (m 0 ) and after destabilization (m t ) as a function of time t. Since l * ∼ 1/σ s (see (6)) we find l
Numerical evaluations confirm the validity of this expression in the Mie scattering regime over the range of parameters considered.
FIG. 4.
Time evolution of the refractive index for a 2.1 M urea solution containing 250 units/ml urease (urease added at t = 0). The refractive index increases due to the hydrolysis of urea in the system (Eq. [1] ). In the pH suspension the refractive index remains constant (n ≈ 1.331) due to its small urea content.
interparticle distance, i.e., of micron size. Consequently, other parts x of the ceramic exhibit a higher particle density 0 /x; here, 0 denotes the volume fraction of the stable suspension. In a random two-component system the optical density of the system can be written as a sum of the individual components (6). We can thus express the bulk optical density of the sample as follows:
[5]
In the most simple approximation we can assume that the transport mean free path l * is only a function of the volume fraction l * ( ),
, [6] with = 0 /x as described above. Hence, we can write for the bulk optical density
. [7] Since the transport mean free path of a turbid medium l * is a nonlinear function of the volume fraction, such large-scale heterogeneities lead to a modified optical density of the sample. If l * ( ) is known, it is possible to obtain a good estimate for the volume fraction 1 − x occupied by voids. To determine the functional form of l * ( ), we measured the static transmission (relative to a sample of known l * ) through a slab of thickness 200 µm over the whole accessible range from 10 to 60% volume fraction. As shown in Fig. 5 , the optical density displays a maximum at around 35% and decreases again for higher solid contents. From the experimentally determined function 1/l * ( ) we obtain 1 − x = 0.23 by numerical evaluation of Eq. [7] (with l * corr /l * 0 = 1.26). 6 The same analysis for the pH gel (with l * corr /l * 0 = 1.05) leads to a much smaller value 1 − x = 0.05. The simple transmission measurements thus allow us to unambiguously detect the presence of water voids in a coagulated sample. For the I gel these voids represent around 20% of the total volume. This is an important finding in view of its consequences for the properties of the final ceramic material. The influence of these inhomogeneities on the mechanical strength of the sintered ceramic material remains to be investigated. Moreover, local inhomogeneities might be the starting point for an explanation of the significant differences in mechanical behavior of wet green bodies produced by the two destabilization methods. However, a theoretical model which describes the connection between structure and mechanical behavior of wet green bodies made from suspensions of high solids loadings is still lacking.
(3) Mean-Square Displacement and Sol-Gel Transition
For a quantitative investigation of the microscopic dynamics we use the particle mean-square displacements r 2 (τ ) extracted by numerically inverting the autocorrelation functions [g 2 (τ ) − 1] cell1 (Eq. [2] ), where the value of l * is taken from the static measurements.
pH systems. Figure 6a shows the single-particle dynamics extracted from the pH shift functions. Initially, we observe a classical Brownian diffusion of the aggregating particles over the whole accessible time range which is manifested by the linear dependence of the meansquare displacement on the correlation times, i.e., r 2 (τ ) = 6Dτ, where D is the particle diffusion coefficient (filled symbol). As the destabilization goes on, the clusters grow to the gel point where a network is filling the entire sample volume. At the sol-gel transition and within our time resolution we observe an abrupt change of the particle motion (open symbols). The short-time behavior of the mean-square displacement r 2 (τ ) ∼ τ p changes from diffusive (slope p = 1) to subdiffusive motion ( p = 0.7 ± 0.05) (see Fig. 6a ). In the gel state the mean-square displacement is then well described by a stretched exponential with exponent p = 0.7,
where δ 2 is the maximal particle displacement in the network and τ c is the characteristic time. This is shown in the inset of Fig. 6a where we obtain a master curve by normalizing the mean-square displacements r 2 (τ ) with δ 2 and the time τ with the characteristic time τ c . For dilute polystyrene gels, Krall and Weitz
FIG. 5.
Concentration dependence of the optical density 1/l * of stable alumina/water suspensions (solid line, polynomial fit to the data). Inset: Graphical analysis of Eq. [7] . With increasing volume fraction in the solid parts of the heterogeneous material the value of l * /l * 0 is increasing (solid line, right-hand side of Eq. [7] using l * ( ) from the polynomial fit). The intersection with the experimental result 1.26 (dashed line) yields the volume fraction in the solid parts 0 /x and consequently the volume fraction of the voids 1 − x can be determined.
FIG. 6. (a) Mean-square displacement
r 2 (τ ) at different stages t = 24, 29, 34, 49, 127, 379, and 1100 min of the gelation process for the pH system (filled symbols before the gel point and open symbols after the gel point). Inset: master curve for r 2 (τ ) in the gel state. The particle dynamics is well described by a stretched exponential. (b) Mean-square displacement r 2 (τ ) at different stages t = 6.5, 9, 10, 11, 12, 13, 14, 15, and 18 min of the gelation process for the ionic-strength destabilized system (filled symbols before the gel point and open symbols near or after the gel point).
found the same functional form for the mean-square displacement. With increasing time the plateau regime starts at shorter times and the height of the plateau value is lower, which shows that the gel is becoming more compact. Using fractal arguments, the authors proposed a model for the internal gel dynamics which is based on a hierarchy of excited elastic modes within the cluster (14) . Recently, it was shown that this model can be extended to moderate and high concentrations (9, 15) .
The change of the dynamics from diffusion to subdiffusion is directly related to the gel point. The abrupt change in the parameter p from 1 to 0.7 as well as the minimal change in l * (Fig. 3) suggests that the particle network resembles a "frozenin" (or glassy) structure similar to that of the stable suspension. Moreover, it indicates that close to the sol-gel transition almost all particles are already connected to the gel network. Figure 7a shows the time evolution of the exponent p during coagulation for the pH system.
Time-resolved rheological measurements have been carried out on the same system, as shown in Fig. 7b . In the first stages of the aggregation the storage modulus G is at the limit of the sensitivity of the rheometer. After a delay of 20-25 min G increases suddenly by more than 3 orders of magnitude and becomes larger than the loss modulus G , as is expected for a gelling sample. This sudden increase of G coincides with the drop in the parameter p. The dashed lines in Figs. 7a and 7b demonstrate that the two techniques monitor the sol-gel transition in a microscopic and macroscopic way, respectively. The gel point, as determined from the rheological measurements as well as from the DWS experiments, is reached after about 28 min. This corresponds also to the time where we observed the appearance of a plateau in the correlation functions.
I systems. Analogous measurements for the case of ionic strength shift are shown in Fig. 6b . Within the accuracy of our setup we could not detect unambiguously a drop of the parameter p from 1 to 0.7. Near the sol-gel transition, we lose the DWS signal from the first cell and therefore we are no longer able to analyze the data. The macroscopic rheological measurements (see Fig. 8 ) show that the gel point is reached after 15-30 min (marked by the two dashed lines). An exact determination of the gel point in the rheometer is not possible since the mechanical disturbance can break the initially fragile network. It is important to note that already at the beginning of the macroscopic measurements G is 2 orders of magnitude higher than the value determined for the stable sample and those found for the pH system in the first minutes of destabilization.
(4) Elastic Properties of the Networks
Leaving the sample undisturbed during destabilization and gelation, we performed macroscopic rheological measurements on the fully destabilized gels (delay time t = 18 h). For the pH gel we found a plateau modulus G 0,pH exp = 8.1 × 10 3 Pa and for the I gel G 0, I = 7 × 10 4 Pa which is about 10 times higher than that for the pH gel (see Fig. 8 ). This shows that the gel network formed by changing the pH is less rigid than the gel obtained from I destabilization.
However, for many applications it would be suitable to obtain the same macroscopic information in a completely noninvasive way. The model proposed by Krall and Weitz allows one to calculate the plateau modulus of the gels from light scattering data (14) ,
with η being the fluid viscosity. By fitting the mean-square displacement with Eq. [8] , one can obtain the parameters τ c and δ 2 . For the pH gel we obtain τ c = 1.65 × 10 −6 s and δ 2 = 3.22 × 10 −7 µm 2 . Using Eq. [9] , the modulus is then G 0,pH ≈ 3.3 × 10 3 Pa. Since we cannot detect gel fluctuations for ionic destabilization, we expect a stiffer network which acts on our measurement window as a turbid, static sample with G 0, I > G 0,pH . Taking into account the resolution of our measurements, it is possible to derive a lower limit for the modulus. For a maximal displacement δ 2 < 5 × 10 −9 µm 2 (this corresponds to a decay of the correlation function from 1 to 0.99) 7 and/or a time τ c < 10 −7 s, the signal from the first sample cell cannot be detected anymore and we obtain therefore G 0, I > 10 5 Pa. If we consider the crude approximations that have been used, the theoretically determined values compare well with the experiments and reproduce the differences in the mechanical properties as well as the time evolution of G 0 (see inset of Fig. 7b and Fig. 8 ).
(5) A Theoretical Model
We can try to explain the distinct differences between the static and dynamic properties of the gels prepared via the two different routes with the findings from recent investigations of the aggregation kinetics in dilute colloidal suspensions. In these studies the so-called stability ratio W as a measure of the stability of a colloidal suspension has been investigated as a function of ionic strength and surface charge density (or pH) for carboxyl polystyrene particles (16) . The stability ratio is defined as W = κ/κ fast where κ is the actual rate constant for the initial doublet formation at a given ionic strength and pH, and κ fast corresponds to the fast aggregation limit found in purely Brownian or diffusion-limited aggregation, i.e., at high ionic strength. These experiments clearly showed that the classical DLVO theory of colloidal stability indeed holds quantitatively at low ionic strengths; i.e., one finds the predicted extremely steep pH dependence of W . However, at higher ionic strength enormous discrepancies between experiments and DLVO theory were observed. The suspensions showed a much more gradual increase in stability upon an increase in pH than theoretically expected, leading to measurable aggregation even quite far away from the 7 For long correlation times τ τ c the correlation function g 2 (τ ) − 1 reaches a plateau:
The lowest plateau value that can be experimentally detected in our setup is 0.01 and the highest 0.99. This corresponds for our samples to δ 2 ≈ 3 × 10 −7 µm 2 and δ 2 ≈ 5 × 10 −9 µm 2 , respectively. Thus, in general the observation of a plateau in DWS correlation functions is not directly connected to the gel point. If the cell thickness is big enough and/or if the maximum allowed excursion is not smaller than the averaged scattering vector, the signal becomes "apparently" ergodic, leading to a complete decay of the correlation function, even for a gel. isoelectric point (IEP) and a much more extended regime of slow or reaction-limited aggregation than predicted by DLVO theory.
We can now try to use these results to explain our data. This is schematically shown in Fig. 9 , where we make an attempt to transfer the aggregation kinetics observed in dilute systems to the situation encountered in our experiments with the different destabilization routes. Arrow 1 describes the destabilization path followed by the pH system, whereas arrow 3 corresponds to the I system. Arrow 2 depicts pH destabilization at higher ionic strength, which was also investigated in the experiments with dilute suspensions. At low ionic strength, the stability ratio W depends very strongly upon the pH, and an extremely steep increase of W by several orders of magnitude already close to the isoelectric point was found (schematically shown in Fig. 9b ). This means that the suspension will be very stable for a pH-destabilization process until the pH almost approaches the IEP. The aggregation kinetics then switches from reaction-to diffusion-limited aggregation within a narrow pH range, and the cluster formation and sol-gel transition would occur mainly in the diffusion-limited regime. For our experiments, where the pH shift is caused by the internal chemical reaction with its associated rather slow reaction kinetics, this would then lead to a significant lag time where hardly any aggregation can be observed, followed by a rapid cluster formation and subsequent abrupt sol-gel transition. The situation encountered in the I system is quite different. Under these conditions we find a much lower value of W at any given value of the pH below the IEP which can deviate by several orders of magnitude from the corresponding W values measured at low ionic strength. This leads to significant destabilization already at salt concentrations far below the critical coagulation concentration, which marks the boundary between stable and unstable solutions and gels in Fig. 9a . Moreover, as the aggregation proceeds mostly via a reaction-limited aggregation process, this leads to the formation of more compact clusters and correspondingly larger inhomogeneities in the final gel.
These two scenarios have in fact also been observed in recent Brownian dynamics simulations (17) . The simulations showed that slow aggregation leads to more compact structures and larger inhomogeneities when compared to fast aggregation at the same solid content. Figure 9 thus provides an intuitive understanding for the different time dependencies of the meansquare displacement and of l * observed for the two different destabilization processes.
IV. CONCLUSIONS
We have demonstrated that DWS of concentrated particle suspensions and gels opens up new and very promising possibilities to obtain the macroscopic mechanical properties of complex colloidal systems in a completely nondestructive way through the time-resolved measurements of the microscopic particle dynamics.
We have followed aggregation and gelation processes in concentrated alumina dispersions which have been destabilized by either shifting the pH to the isoelectric point or by increasing the ionic strength. A comparison of the pH and the I samples displays significant differences in the dynamics of the destabilization process. For the pH sample we detect an abrupt change of l * after a delay of time, while for the I sample l * changes continuously. Moreover, for the I sample we find a much more drastic decrease of the sample's turbidity (1/l * ), suggesting a more inhomogeneous microstructure. These differences in the local microstructure are also reflected in the macroscopic elastic properties of the resulting gels, which exhibit a much higher plateau modulus for the I -destabilized suspensions. The rheological values derived from the light scattering data are in agreement with macroscopic measurements. It was found that the plateau modulus is more than 10 times higher for I -destabilized suspensions than for the pH systems. This study thus clearly demonstrates that the optical microrheology approach is not limited to idealized particle gels, but can also be applied to much more complex systems such as those used in ceramic processing, food technology, or cosmetics. This opens up a completely new field of applications of noninvasive light scattering techniques for the characterization of complex systems or process control in various areas.
